Microsatellite, or simple sequence repeat (SSR), loci can be identified by mining expressed sequence tag (EST) databases, and where these are available, marker development time and expense can be decreased considerably over conventional strategies of probing the entire genome. However, it is unclear whether they provide information on population structure similar to that generated by anonymous genomic SSRs. We performed comparative population genetic analyses between EST-derived SSRs (EST-SSRs) and anonymous SSRs developed from genomic DNA for the same set of populations of the insect Diabrotica virgifera, a beetle in the family Chrysomelidae. Compared with noncoding, nontranscribed regions, ESTSSRs were generally less polymorphic but had reduced occurrence of null alleles and greater cross-species amplification. Neutrality tests suggested the loci were not under positive selection. Across all populations and all loci, the genomic and EST-SSRs performed similarly in estimating genetic diversity, F IS , F ST , population assignment and exclusion tests, and detection of distinct populations. These findings, therefore, indicate that the EST-SSRs examined can be used with confidence in future genetic studies of Diabrotica populations and suggest that EST libraries can be added as a valuable source of markers for population genetics studies in insects and other animals.
Because they are common, hypervariable, and have codominant inheritance, microsatellites, or simple sequence repeats (SSRs), are widely used by population geneticists for testing ecological and evolutionary hypotheses in natural populations (Zhang and Hewitt 2003; Selkoe and Toonen 2006; Ellis and Burke 2007) . However, SSRs are, as a rule, species-specific markers which must be developed de novo for each species, mainly because they commonly occur in noncoding regions of the genome which are not highly conserved (Zane et al. 2002) . Significant progress has been made in developing more efficient methods of obtaining new SSRs (Zane et al. 2002) , but these markers remain expensive and time-consuming to isolate (Squirrel et al. 2003; Ellis and Burke 2007) .
Over the past decade, genomics technology has provided researchers with access to vast amounts of sequence information through public and private databases (Varshney et al. 2005; Bouck and Vision 2007; Ellis and Burke 2007; Kong et al. 2007) . As an alternative to the conventional strategy of probing repeat-enriched genomic libraries for anonymous SSRs, large numbers of novel SSRs can be isolated with comparatively minor effort simply by in silico mining of expressed sequence tag (EST) databases (Liu, Karsi, Dunham 1999; Coulibaly et al. 2005; Perez et al. 2005; Varshney et al. 2005; Chen et al. 2006; von Stackelberg et al. 2006; Yi et al. 2006; Bouck and Vision 2007; Kong et al. 2007) . Developing large numbers of ESTs from a species has become routine, and there are many characteristics of EST-derived SSRs that make them valuable as genetic markers. These include presence in large numbers, high levels of polymorphism compared with many other types of genetic markers, locus-specific codominant inheritance, repeatability and clarity of scoring, and enhanced transferability across related species.
Indeed, EST-SSRs have been widely used to construct high-density linkage maps (Fraser et al. 2004; Prasad et al. 2005; Chen et al. 2006; Marcel et al. 2007; Slate et al. 2007; Stein et al. 2007 ) and have proved useful for detecting the signature of divergent selection or exploring adaptive behavior in a range of species (Li et al. 2002; Vigouroux et al. 2002; Luikart et al. 2003; Vasemagi et al. 2005; Yatabe et al. 2007 ). These together with numerous other studies (Cho et al. 2000; Cordeiro et al. 2001; Eujayl et al. 2001 Eujayl et al. , 2004 Leigh et al. 2003; Liewlaksaneeyanawin et al. 2004; Coulibaly et al. 2005; Woodhead et al. 2005; Grillo et al. 2006; Pashley et al. 2006) indicate that EST-SSRs generally have fewer null alleles, greater cross-species amplification, and less allelic variability than genomic SSRs. These properties are related to the higher level of conservation of DNA sequences in coding than in noncoding regions of the genome (Wren et al. 2000; Li et al. 2002; Woodhead et al. 2005; Bouck and Vision 2007; Slate et al. 2007; Yatabe et al. 2007) .
The availability of EST-SSRs for population genetics studies would be an important option for a number of taxa, where development of conventional SSRs has proved problematic. For example, null alleles are more of a problem for some animal taxa than others (Liewlaksaneeyanawin et al. 2002) . A low frequency of genomic SSRs, a history of duplication/multiplication events within the genome, and frequent crossing over between nonhomologous SSRs leading to the exchange of flanking regions have made developing usable SSRs very difficult for some animal taxa, including Lepidoptera (Neve and Meglecz 2000; Meglecz et al. 2004; Zhang 2004) , Aedes mosquitoes (Fagerberg et al. 2001) , mites (Navajas et al. 1998) , ticks (Fagerberg et al. 2001) , nematodes (Grillo et al. 2006 , Johnson et al. 2006 , bivalve molluscs (Cruz et al. 2005) , and birds (Primmer et al. 1997; Neff and Gross 2001) . Efficiency of isolation is the main factor limiting use of SSRs in these species, and new methods are needed (Zhang 2004) . Because the stability of the DNA sequences flanking SSRs from transcribed regions reduces both null alleles and duplication events, EST database mining may provide a better means for obtaining useful SSRs for problematic taxa, as was demonstrated recently for a parasitic nematode (Grillo et al. 2006) .
Employment of EST-SSRs in population genetics applications has been limited to a handful of studies in plants (Leigh et al. 2003; Woodhead et al. 2005; Ellis et al. 2006; Yatabe et al. 2007 ) and animals (Walton et al. 2004; Coulibaly et al. 2005; Miller et al. 2005; Perez et al. 2005; Grillo et al. 2007 ). The hesitation to use EST-SSRs in population studies is mainly because some loci may be under selective pressure or subject to background selection caused by genetic hitchhiking and population genetics applications require selectively neutral markers (Ford 2002; Li et al. 2002; Selkoe and Toonen 2006; Ellis and Burke 2007) . On the other hand, allozymes have demonstrated their robustness as population genetics markers in myriad studies since the 1960s (Avise 2006; Behura 2006) , even though they suffer from the same potential problems arising from exposure to selection. Ellis and Burke (2007) point out that although selection can be expected to be operating on a small percentage of EST-SSRs, this drawback can be largely overcome by use of a sufficient number of markers, which minimizes the influence of a nonneutral locus on estimates of population parameters. Furthermore, there are a number of statistical methods available for flagging loci under apparent selection (Ewens 1972; Watterson 1978; Slatkin 1994; Beaumont and Nichols 1996) , which can then be removed from the analysis. Thus, there is reason to think that EST-SSRs can be useful in characterizing the genetic structure of populations.
So far, direct comparisons of the performance of ESTSSRs and genomic SSRs in inferring population genetic structure have been reported in only 2 studies, both of plants. In a study of the alpine lady-fern, Woodhead et al. (2005) concluded that many polymorphic EST-SSRs behave as effectively neutral markers and can provide an informative signature for plant population genetic structure. Yatabe et al. (2007) reported that the estimate of F ST between 2 hybridizing species of sunflower was higher when based on EST-SSRs than when based on anonymous SSRs, attributable to the lower mean allelic diversity of the EST-SSRs. In addition, a few EST-SSRs appeared to be under selection. Nevertheless, both types of markers led to comparable conclusions about population structuring and gene flow. To our knowledge, there have been no direct comparisons in animals of EST and genomic SSRs for estimating genetic variation, population genetic structuring, and population assignment. Among the few reports of using EST-SSRs to study animal populations, only Coulibaly et al. (2005) noted a manifest shortcoming. The authors concluded that ESTSSRs appeared to be inferior to genomic SSRs in addressing phylogenetic relationships among salmonid fish species because of their higher level of conservation. Nevertheless, the authors considered the EST-SSR markers a valuable resource for population and evolutionary genetic studies because of their high level of interspecific transferability.
In this study, we screened large numbers of SSRs from an EST database of western corn rootworm (Diabrotica virgifera virgifera), a chrysomelid beetle, and a major insect pest of corn in North America and Europe (Sappington et al. 2006) . Based on the same criteria for selecting genomic SSRs, 38 EST-SSRs were selected for evaluation of their transferability across corn rootworm species, the occurrence of null alleles, and the level of genetic variability. More importantly, we directly compared the performance of ESTSSRs with previously developed genomic SSRs (Kim and Sappington 2005b ) in characterizing population genetic structure and population assignment for the same set of individuals sampled from 6 populations.
Materials and Methods

Sample Collection
Western corn rootworm adults were sampled from 5 widely . Details of western corn rootworm sample collection are described in a previous report (Kim and Sappington 2005a) . Mexican corn rootworms (MCRs), Diabrotica virgifera zeae, were collected near Goliad, Texas in 2004. Western and Mexican corn rootworms differ morphologically and are considered subspecies. These subspecies are partially reproductively isolated because cytoplasmic incompatibility generated by the rickettsial bacterium Wolbachia (Giordano et al. 1997) permits productive mating only between D. v. virgifera females and D. v. zeae males (Krysan and Branson 1977) . The TX population appeared morphologically to be D. v. virgifera but was collected in a putative hybrid zone in northwestern Texas (Krysan et al. 1980 ). For testing crossspecies amplification, northern corn rootworm, Diabrotica barberi, and southern corn rootworm, Diabrotica undecimpunctata howardi, were collected in 2003 from eastern South Dakota and central Iowa, respectively. Adults of mixed sexes were stored at À80°C until processed for DNA isolation. DNA was extracted from individuals using BioRad's Aqua Pure isolation kit (BioRad, Hercules, CA), according to the manufacturer's protocol.
SSRs
A database of 6397 EST sequences derived from the head of adult D. v. virgifera (S.T. Ractliffe and L. Liv, unpublished data) was screened for SSRs. The EST sequences were queried in a BLAST search with all possible combinations of core sequences of 5 dinucleotide repeats (total of 14 sequences), 5 trinucleotide repeats (total of 62 sequences), and 4 tetranucleotide repeats (total of 254 sequences). Of the 305 EST-SSRs identified, 133 were unique and had flanking regions suitable for primer design. Thirty-eight of these were selected for marker development based on having sequences containing di-, tri-, and tetranucleotides of at least 6, 6, and 5 repeat units, respectively. Of these, 17 produced discernable polymerase chain reaction (PCR) products and exhibited polymorphism in a sample of 60 individuals from an Iowa D. v. virgifera population and were characterized for inheritance, genetic diversity, and crossspecies transferability (Table 1) . The results were compared with those generated by 17 anonymous SSR markers isolated from genomic DNA using a biotin enrichment (Raymond and Rousset 1995). and hybridization strategy (Kijas et al. 1994) as reported in Kim and Sappington (2005b) . The loci were amplified in multiplexed PCR reactions, and individuals were genotyped using a Beckman-Coulter CEQ 8000 Genetic Analysis System using the methods described in Kim and Sappington (2005b) .
Seven of the 17 EST-SSR loci exhibited at least 3 alleles in the survey of polymorphism in the IA population and showed no evidence of null alleles based on family analyses (described below). In addition, these 7 loci showed consistent readability and repeatability, appeared to be selectively neutral, and displayed no linkage between themselves. Together, these are the same criteria that were used to select the 7 genomic SSR loci, with the exception that a null allele was detected for DVV-D5 at very low frequency (0.025). Results of population genetics analyses based on the 7 EST-SSRs were compared with those generated for the same set of samples by the 7 genomic SSRs. Because the same criteria were used for screening both EST and genomic SSRs, any ascertainment bias is expected to be the same for the 2 classes of marker, making direct comparisons valid. The loci were amplified from 51 to 61 individuals per population in multiplexed PCR reactions, and individuals were genotyped as described above.
Cross-Taxa Amplification
Seventeen loci from each type of SSR were analyzed for transferability against a panel of 5 individuals each of Mexican, northern, and southern corn rootworms. Initially, PCR reactions were carried out using a single marker per reaction tube at an annealing temperature of 57°C. If a clear product was not produced, PCR was attempted again using the touchdown method with a 1-degree reduction at each cycle from 61°C to 52°C, followed by 27 cycles at an annealing temperature of 52°C.
Occurrence of Null Alleles
Ten parental crosses were set up in 2003 as single-pair matings between unrelated western corn rootworm adults from the main diapausing colony and the nondiapausing colony maintained at the Northern Grain Insects Research Laboratory in Brookings, SD. The nondiapausing colony had been in culture for about 190 generations and the diapausing colony for about 22 generations when the crosses were made (Kim et al. 2007) . Previous analyses of SSR data from these colonies indicated that the genetic diversity in the nondiapausing line is roughly 25% less than that of contemporary wild populations but that there has been no detectable loss of diversity in the diapausing colony (Kim et al. 2007 ). Parents to be used in the crosses were sexed and segregated as pupae (George and Hintz 1966) to prevent premature mating. The male in each pair was caged with the female until the female began to lay eggs, after which the male was removed and stored at À80°C. An aliquot of 100-400 eggs collected during the first 7 days after onset of oviposition by a given female was managed according to standard rearing procedures (Jackson 1986 ). Genomic DNA was extracted from the parents and ;50 of the F 1 offspring from each cross. To test for the presence of null alleles at each SSR locus, we 1) applied a parentage test, which is a simple comparison of offspring and parental genotypes and 2) checked for distortions to expected Mendelian segregation. Seventeen genomic and 17 EST-SSR loci were examined across 10 controlled families. With this number of families, one can expect to detect a null allele at a frequency of 0.072 with 95% confidence.
Population Genetic Analysis
Three estimates of genetic diversity were measured using the Microsatellite Toolkit (Park 2001) , namely, allelic diversity which is the mean number of alleles per locus, observed heterozygosity (H O ), and unbiased estimates of expected heterozygosity (H E ) under Hardy-Weinberg assumptions for each population (Nei 1987) . F statistics and pairwise F ST 's (Weir and Cockerham 1984) were calculated using FSTAT v. 2.9.3 (Goudet 1995) . Multiple comparisons were made after applying the sequential Bonferroni correction (Rice 1989) . The exact probability approach (Guo and Thompson 1992 ) was used to test whether a population was in Hardy-Weinberg equilibrium (HWE), as implemented in GENEPOP (Raymond and Rousset 1995) .
Genetic divergence based on allele frequency differences between populations was assessed with Nei's genetic distance (D A ; Nei et al. 1983 ) calculated by the program DISPAN (Ota 1993) . The D A matrix was used to construct phylogenetic trees by neighbor-joining clustering (Saitou and Nei 1987) . The robustness of dendrogram topologies was tested by bootstrap resampling (n 5 1000). A covariance matrix of allele frequencies across all loci was subjected to principal component (PC) analysis as applied in the program XLSTAT Addinsoft, NY. Factor scores were plotted in a scattergram along the 2 PC axes accounting for the most variation to facilitate visualization of geometric relationships among D. v. virgifera populations.
To compare the performance of the 2 types of SSRs in assigning individuals to their source population, we calculated the probability of each individual's belonging to a set of reference populations using both direct and simulation approaches implemented in the program GeneClass2 (Piry et al. 2004 ). The Bayesian statistical approach of Rannala and Mountain (1997) was employed for assignment/exclusion tests. For the exclusion test, we ran 10 000 Monte Carlo simulations of independent individuals for the population . When assigning individuals to a population, we followed the ''leave one out'' procedure (Efron 1983) , wherein each individual was excluded from its own population.
The number of distinct populations (K ) represented in the set of samples was estimated from genotype data for each of the 2 types of SSRs, using the program STRUCTURE 2.0 (Pritchard et al. 2000) . This procedure calculates Pr(X|K ) (the posterior probability of K ) that the observed set of genotypes (X ) would occur across a designated range of possible K's, in our case 1-6. The model simulated an admixture of individual ancestry and was run with correlated allele frequencies among populations (Pritchard et al. 2000) . We used an initial burn-in of 100 000 iterations followed by 1 000 000 iterations.
Five runs were performed for each value of K to assess consistency of Pr(X|K ) estimates between runs.
Finally, Spearman rank-order correlation coefficients and Wilcoxon rank sum test were used to assess differences in allelic diversity, heterozygosity, pairwise F ST 's, genetic distances, and population assignment derived from genomic versus EST-SSR data. These tests were conducted using Statistix 8 software (Analytical Software 2003).
Selective Neutrality Tests
Selective neutrality of each locus was examined based on Ewens (1972) sampling distribution of neutral alleles under the infinite-alleles model. The Ewens-Watterson homozygosity test (Watterson 1978) and the Ewens-Watterson-Slatkin exact test (Slatkin 1994 (Slatkin , 1996 were carried out using allele frequency distribution, as implemented in Arlequin 3.1 software (Schneider et al. 2000) . In these tests, the expected null distribution of the homozygosity statistic (F exp ) is generated by simulating random neutral samples and is compared with the homozygosity observed in the original sample (F obs ). If the null hypothesis of selective neutrality is rejected (a 5 0.05), an F obs /F exp ratio less than 1 implies balancing selection in favor of heterozygotes and a ratio greater than 1 implies directional selection in favor of advantageous alleles.
Results
Characterization of EST-SSRs from Western Corn Rootworm
Of the 305 SSRs identified in the BLAST search of the EST library, 110 were dinucleotide, 149 trinucleotide, and 46 tetranucleotide repeats. After eliminating loci that either were redundant or for which we were unable to design PCR primers, a total of 133 SSRs were available for testing, where 57 contained dinucleotide, 67 trinucleotide, and 9 tetranucleotide repeats. Seventeen of these EST-SSRs were genetically characterized using a sample of 60 western corn rootworm adults collected from a population in central Iowa in 2003 (Table 1 ). The number of alleles per locus ranged from 2 to 13, and expected heterozygosity values ranged from 0.063 to 0.742. After correction for multiple tests (adjusted significance [5%] threshold 5 0.00294), none of the markers exhibited statistically significant deviation from HWE (Table 1) . However, based on parentage analysis of 10 families, 6 loci (DVV-ED1, DVV-ED11, DVV-ED14, DVV-ET10, DVV-ET15, and DVV-ETet1) were found to harbor null alleles. Primer sets for all 17 EST-SSRs amplified DNA of the MCR, a subspecies of the western corn rootworm. Nine and 3 primer sets successfully crossamplified DNA of the northern and southern corn rootworm, respectively ( Table 2) .
Comparison of Genetic Characteristics in Genomic versus EST-SSRs
Genetic diversity, inbreeding coefficient, interspecific transferability, and the occurrence of null alleles were examined for 17 loci from each type of SSR (Table 3) . Based on a survey of the same 60 D. v. virgifera adults, EST-SSRs showed significantly lower levels of genetic diversity than genomic SSRs (allelic diversity: U 5 50; P 5 0.0010; heterozygosity: U 5 59; P 5 0.0034, Wilcoxon rank sum test), but the 2 types of SSRs showed similar values of inbreeding coefficient (U 5 119; P 5 0.3891, Wilcoxon rank sum test). Primer sets for the EST-SSRs exhibited a higher success rate in cross-amplification across 3 rootworm taxa compared with genomic SSRs. All loci from both types of SSR were amplified in the MCR, a subspecies of western corn rootworm. However, more of the EST-SSRs were successfully amplified in northern corn rootworm and southern corn rootworm than were the genomic SSRs (Table 3) . Eleven (64.7%) of 17 EST-SSRs and 7 (41.2%) of 17 genomic SSRs displayed no evidence of null alleles in parentage analysis of 10 families.
Population Genetic Comparisons of Genomic versus EST-SSRs
Seven EST-derived and 7 genomic SSRs were further characterized in a survey of 346 individuals from 6 Diabrotica populations (Table 4) . A total of 77 and 58 alleles were detected across the 7 genomic and EST-SSR loci, respectively. The number of alleles ranged from 4 to 20 in the genomic SSRs and from 3 to 16 in the EST-SSRs. Mean H E ranged from 0.299 to 0.877 at the genomic SSR loci and from 0.464 to 0.767 at the EST-SSR loci (Table 4) . For the 5 populations of D. v. virgifera, genomic and EST-SSRs showed very similar multilocus estimates of genetic diversity, F IS , F ST , and R ST , and reflect genetic homogeneity of western corn rootworm populations across the US Corn Belt. There was no significant difference between ESTderived and genomic SSRs for interlocus variance of genetic differentiation (Bartlett's test of equal variances; F ST : P 5 0.5379; R ST : P 5 0.2628) or its median value (Wilcoxon rank sum test; F ST : P 5 0.3159; R ST : P 5 0.1742). Although the values for F ST and R ST for individual loci were substantially higher when D. v. zeae was included, multilocus estimates of genetic diversity, F IS , F ST , and R ST were similar when calculated from either genomic or EST-SSR data.
At the population level, multilocus estimates of heterozygosity and inbreeding coefficient (F IS ) were very similar between the genomic and the EST-SSRs (Table 5) . However, allelic diversity was significantly higher in the genomic SSRs than in the EST-SSRs (P 5 0.002, Wilcoxon rank sum test). Among populations, there were no significant differences in measures of genetic diversity generated by EST-derived or genomic SSRs, including H E (Kruskal-Wallis statistic 5 0.2345, P 5 0.9987 for ESTSSRs; K-W statistic 5 0.6241, P 5 0.9869 for genomic SSRs) and allelic diversity (K-W statistic 5 0.8432, P 5 0.9742 a Based on data from Kim and Sappington (2005b) , except for the occurrence of null alleles which was examined in this study. b Based on survey of 60 individual adults sampled in Ankeny, Iowa, 2003. c Based on survey of 5 individuals from each taxon (see Table 2 ). d Based on survey of 10 unrelated controlled cross families. Percentage occurrence for each type of marker in parentheses. Probability that value is not different from zero; NS: not significant; *P , 0.05, **P , 0.01, and ***P , 0.001.
for EST-SSRs; K-W statistic 5 0.6553, P 5 0.9853 for genomic SSRs). Pairwise F ST estimates among 6 Diabrotica populations were calculated based on the 2 types of SSR markers (Table 6 ). Pairwise F ST estimates derived from the EST-derived SSRs were not significantly different from genomic SSRs (U 5 107; P 5 0.8357, Wilcoxon rank sum test). Apart from the MCR population, most population pairs showed little genetic differentiation. The MCR population exhibited considerable genetic differentiation from all western corn rootworms. Compared with the genomic SSRs, the EST-SSRs revealed higher estimates of pairwise F ST between Mexican and western corn rootworm populations. Analysis of the ESTSSRs indicated significant differentiation of the TX population from all others, whereas analysis of genomic SSRs indicated no significant differentiation between TX and IL or DKS. In either case, the F ST values were very low except in the comparison with the MCR population. There was a significant correlation in the rank order of pairwise F ST 's and genetic distance estimates between the 2 types of SSRs but no significant difference among the central values of distance measures (Table 7) . There was no significant correlation in rank order between the 2 types of SSRs for the measures of genetic diversity, that is, allelic diversity and H E (Table 7) .
Five EST and 3 genomic SSR markers showed evidence of nonneutrality in at least 1 population (Table 8 ). In all but 1 case (genomic marker DVV-D8 in the exact test), the number of populations where neutrality was rejected for a particular marker was 2 or less. Two EST-SSRs and 1 genomic SSR marker showed evidence of nonneutrality in only 1 of the 2 neutrality tests. At loci with significant nonneutrality, the ratios of observed to expected homozygosity (F obs /F exp ) averaged less than 1 across all populations, ranging from 0.641 to 0.891 in EST-SSRs and 0.738 to 0.788 in genomic SSRs. For the 7 EST and genomic SSR markers, the proportions of populations for which neutrality was rejected did not differ significantly (Wilcoxon rank sum test; P 5 0.4942 for Ewens-Watterson homozygosity test and P 5 0.9796 for Ewens-Watterson-Slatkin exact test).
Comparison of EST versus Genomic SSRs in Population Assignment
Population relationships visualized by PC analysis revealed that the EST-SSRs showed similar power in resolution for population clustering (Figure 1) . The EST-SSRs accounted for 100% of the variation along axes 1 and 2 combined, whereas the first 2 axes for the genomic SSRs explained 90% of the total variation. For both types of SSR, the scatter diagram of factor scores clearly distinguished the D. v. zeae (MCR) population from the 5 D. v. virgifera populations along axis 1, which accounted for most of the variation. Relative positions of the 5 D. v. virgifera populations were different along axis 2. However, this axis accounted for only a small percentage of the total variation for both sets of markers, so the differences portrayed along it are biologically negligible.
Assignment tests for 346 individuals from 6 populations revealed that 46.2% (160 out of 346) of individuals were correctly assigned to their source population based on data from the genomic SSRs and 38.4% (133 out of 346) based on the EST-SSRs. Because the low success rate of assignment is due mainly to the low genetic differentiation of western corn rootworm populations across the US Corn Belt (see Kim and Sappington 2005a) , 3 representative populations, IA, TX, and MCR populations, exhibiting relatively high genetic differentiation, were analyzed alone in assignment/exclusion tests (Table 9 ). In all, 82.6% of individuals were correctly assigned to their source population using the genomic SSRs and 79.6% using the ESTSSRs. The difference in assignment success rates was not significant (U 5 11; P 5 0.2963 in Wilcoxon rank sum test). Using the model-based Bayesian analysis for estimating the number of distinct populations (K), both types of SSR consistently indicated that the 6 locations sampled represented 3 distinct populations (posterior probability for K 5 3: P . 0.999 for both types of SSR). Clustering of locations by STRUCTURE for both classes of marker showed clearly that MCR comprised 1 of the populations, but composition of the other 2 populations was ambiguous. However, the locations suggested by F ST pairwise comparisons (Table 6) and population assignment tests (Table 9) as most likely comprising the 3 populations were the same for both types of SSR, such that population 1 consists of IA, IL, NY, and DKS, population 2 consists of TX, and population 3 consists of MCR.
Discussion
General Characteristics of EST-SSRs Relative to Genomic SSRs
General genetic characteristics of individual EST-SSRs from D. v. virgifera relative to genomic SSRs-that is, interspecific transferability, level of genetic diversity, and occurrence of null alleles-are comparable to previous findings from a wide range of species. Although it is possible that some of the cross-amplification products for both EST and genomic SSRs were from different regions of the genome, we assume that most cross-amplified loci are homologous given the similar size range of alleles observed. Our finding of enhanced cross-transferability of EST-SSRs from D. v. virgifera to other Diabrotica species relative to genomic SSRs is consistent with previous reports from many organisms, including shrimp (Perez et al. 2005; Wang et al. 2005) and fish (Coulibaly et al. 2005) .
The mean heterozygosity for the 7 EST-SSRs across 6 populations was very similar to that for the 7 genomic SSRs, and 3 of the EST-SSRs showed a greater level of heterozygosity than the average heterozygosity of genomic SSRs. We found a lower level of allelic diversity in Diabrotica virgifera EST-SSRs compared with genomic SSRs, a pattern found in a parasitic nematode (Grillo et al. 2006 ) and commonly reported in plants (Cho et al. 2000; Scott et al. 2000; Eujayl et al. 2001; Leigh et al. 2003; Varshney et al. Yatabe et al. 2007 ). Interestingly, equal or greater diversity has been reported for EST-SSRs in several species of fish (Liu, Tan, et al. 1999; Yue et al. 2004; Coulibaly et al. 2005; Cheng et al. 2007 ). The number of alleles and level of polymorphism of molecular markers influences the robustness of conclusions drawn from population genetic analyses (Kalinowski 2002) , and there are a number of factors that can affect these parameters in EST-SSRs. Although functional constraints in transcribed regions of the genome appear in general to cause lower genetic diversity in nested SSRs, the level of polymorphism in EST-SSRs also is influenced by the type of unit repeats (i.e., di-, tri-, or tetranucleotide), the number of unit repeats, and the region of the gene in which they occur (Metzgar et al. 2000; Wren et al. 2000; Li et al. 2002; Coulibaly et al. 2005; Prasad et al. 2005; Varshney et al. 2005; Bouck and Vision 2007) . The mean heterozygosity for the 10 trinucleotide EST-SSRs isolated in this study (H E 5 0.480) was substantially higher than that for the 6 dinucleotide plus 1 tetranucleotide loci (H E 5 0.373). This finding suggests that many of the EST-SSRs are in proteincoding regions because changes in trinucleotide repeat number will not cause frameshifts unlike changes in di-and tetranucleotide repeat numbers (Liu, Tan, et al. 1999; Wren et al. 2000; Li et al. 2004; Ellis and Burke 2007) . From parentage analyses of the same set of D. v. virgifera families, we detected fewer null alleles in EST-SSRs than in genomic SSRs. This was expected because functional constraints should reduce the frequency of null alleles in EST-SSRs (Ellis and Burke 2007) . Null alleles arise from a mutation in the flanking region of the SSR locus, which prevents annealing by the associated PCR primer (Callen et al. 1993; Behura 2006) . The presence of null alleles in SSRs biases estimation of population genetic parameters (Chapuis and Estoup 2007) and impacts molecular parentage analyses (Pemberton et al. 1995; Liewlaksaneeyanawin et al. 2002; Jones and Ardren 2003; Dakin and Avise 2004) . The null allele problem is particularly conspicuous in insect SSRs. The frequency of null alleles has been reported as 33% in honeybees (Oldroyd et al. 1996) , 50% in damselflies Assignment: the number of individuals assigned to the most likely population is in parentheses; Exclusion: the number of individuals excluded from the reference population at a 5 0.01 is in parentheses. a Assignment test was carried out using the direct approach without probability computation, and the exclusion test was carried out using a simulation method (Cornuet et al. 1999) . Both tests employed the Bayesian statistical approach of Rannala and Mountain (1997) . The simulation method of Paetkau et al. (2004) was used in the exclusion test. Figure 1 . Scatter diagram of factor scores for 5 Diabrotica virgifera virgifera populations and 1 Diabrotica virgifera zeae population (MCR) derived from PC analysis of a covariance matrix of allele frequencies for 7 (A) genomic and (B) EST-SSRs. Percentage variation accounted for by each axis is indicated. (Cooper et al. 1996) , and 75% in white pine weevil (Liewlaksaneeyanawin et al. 2002) . In this study with D. v. virgifera, we found that 59% of the genomic SSRs and 35% of the EST-SSRs harbored a null allele.
EST-SSRs for Characterizing Population Genetics
The results showed that population genetic parameters generated by the EST-SSRs are very similar to those obtained from the genomic SSRs for the same set of individuals from 6 populations. The low level of genetic differentiation among D. v. virgifera populations revealed by both sets of markers is consistent with previous findings of minimal genetic structuring among geographic populations in the US Corn Belt (Kim and Sappington 2005a; Miller et al. 2007) . Genetic differentiation of the D. v. zeae population from the others corresponds to its subspecific status. The low but significant differentiation of the TX D. v. virgifera population may be related to its sympatry with D. v. zeae in the area of collection, where hybridization and limited introgression is suspected (Krysan et al. 1980; Giordano et al. 1997; Kim and Sappington 2005a) . Estimates of pairwise F ST 's and genetic distance measures generated by the EST-SSRs were similar to and significantly correlated with those produced by the genomic SSRs. Lack of significant rank correlations for allelic diversity and H E can be ascribed to the general lack of significant differences observed in levels of these measures of genetic diversity among populations. Although allelic diversity was significantly greater for the genomic SSRs, H E was similar between the 2 types of markers and thus quite sufficient for the EST-SSRs to be informative in population genetics applications. Both types of SSR performed similarly in assigning individuals to their source population and in population clustering. In addition, EST-derived and genomic SSRs generated identical results in estimating the number of distinct populations (i.e., K 5 3) represented in the total pool of individuals genotyped. Likewise, Walton et al. (2004) reported 100% correct assignment of individual mites to their original population based on EST-SSR data.
Tests for neutrality indicate that selection did not differentially affect performance of EST and genomic SSRs in characterizing D. virgifera populations. The grounds for this conclusion are 2-fold. First, there seems not to be strong selection acting on the 7 EST-SSRs used in this study. Instances of nonneutrality flagged by the tests were population specific, with all EST-SSR markers exhibiting neutrality in at least two-thirds of the 6 populations tested. Second, although deviation from selective neutrality was detected more often in EST-SSRs than in genomic SSRs based on the Ewens-Watterson test, the proportions of populations for which neutrality was rejected did not differ significantly. According to the Ewens-Watterson-Slatkin exact test, the number of instances where markers failed the neutrality test was the same for both EST and genomic markers. Even though EST-SSRs are potentially exposed to selection, Ellis and Burke (2007) point out that only a small percentage of genes in large-scale surveys (Tiffin and Hahn 2002; Clark et al. 2003) show evidence of positive selection. This is why allozymes usually behave as neutral markers, to the extent that they are universally recognized as legitimate markers for population genetics studies.
When D. virgifera EST-SSRs were used alone, the same or similar biological inferences were made for describing populations as when SSRs from noncoding, nontranscribed genomic regions were used. The observations made in this study are congruent with those drawn from the comparative study of genetic differentiation in fern populations (Woodhead et al. 2005) , except that there was a significant rank correlation for allelic diversity in the latter. We conclude that the polymorphic SSRs derived from ESTs behave as effectively neutral markers in D. virgifera and are suitable for inferring population genetic structure in this insect. Together with the results of Woodhead et al. (2005) and Yatabe et al. (2007) , the evidence suggests that EST-SSRs are appropriate markers for population genetics studies of both animals and plants. However, it is important to conduct selective neutrality tests on EST-SSRs before using them in population genetics analyses because even though most probably will not be under strong selection pressure, a small percentage may be (Ellis and Burke 2007; Yatabe et al. 2007 ). Increased speed and decreased expense of development, lower frequency of null alleles, and higher cross-species transferability are significant benefits of ESTSSRs that can be exploited in population genetics applications.
